Effect of Sn-xZn solder alloys with varying eutectic phase and acicular primary crystallized Zn phase on the electrification-fusion induced liquidation phenomenon was investigated in this study. The critical fusion current density (CFCD) for liquidation fracture tends to increase with increasing Zn content, the CFCD value required for electrification-fusion induced liquidation are 1457 (Â10 4 ) AÁm À2 (7Zn), 1504 (Â10 4 ) AÁm À2 (30Zn) and 2195 (Â10 4 ) AÁm À2 (70Zn) respectively, which are commonly larger than pure tin (1399 (Â10 4 ) AÁm À2 ) pertaining to the transformation of current path. Through the in-situ examination of microstructural evolution during electrification-fusion tests, the initial site of electrification-fusion-induced liquidation significantly emerged from Sn/Zn eutectic phase. From the experimental evidences, it should be noted that the pure Sn specimen showing a character that the initiation site for microliquidation were located at the triple junction of electrification induced current path, whereas the Sn-Zn alloy specimens were commonly initiated from the eutectic phase pertaining to the higher conductivity of acicular Zn phase.
Introduction
Due to the increasing amount of input/output (I/O) count in packaging, an emerging high-current-density soldering will potentially become a trend of packaging industry especially in flip chip technology and die attachment at high temperature.
1) Sn-95Pb has been a common used heatresistant solder for several years and exempted from banning because of limited alternatives.
2) However, its toxicity inevitably drives the transition from Pb-containing solder to Pb-free solder alloys based on green viewpoint. 3, 4) Among heat-resistant Pb-free material candidates, Au-based, Bibased, Sn-Cu and Zn-Al system alloys have individual drawbacks such as high cost, brittle intermetallic compound (IMC) and poor electrical, thermal conductivity. Based on previous investigations, Zn-Sn binary alloy is superior to Au20Sn and 95Pb-5Sn alloys in thermal conductivity. 2, 5) Zn-Sn alloy also possesses superior oxidation resistance under thermal and humidity exposure in comparison with Zn-30In alloy.
3) Moreover, due to several benefits such as larger liquid fraction at reflow process, excellent mechanical properties and low cost compared with other Pb-free solder materials, Sn-Zn binary alloy possess possibility becomes a promising alternative for Pb-free solder material. 6, 7) Our previous report depicted that the acicular Zn-rich phase decomposes into a particle-like morphology in the Sn9Zn-1Ag alloy under the DC electrical current testing due to its electro-migration (EM) effect. 8) Additionally, there have been numerous studies into the EM effect on microstructural evolution by applying a direct current (DC) power supply. [9] [10] [11] In general, solders stressed with current density above 10 8 AÁm À2 for several hours will trigger EM, 12, 13) and so will solders with a lower level of current density. 8, 14, 15) However, the EM effect can be ignored in the case of alternating current (AC). 16) With the microminiaturization of electronic devices (e.g., in household appliances), the high density packaging and high speed for electronic signal transmission, high-currentdensity resistant solder could potentially become a trend at high temperature situations. Relatively, this case may bring about the failure concern for interconnecting solder joints during electrification at the rising resistance (high joule heat) in the high density packaging field. Consequently a higher conductive phase pertaining to microstructural variation of the solder material should be developed to improve the electrification-fusion induced liquidation resistance. However, the root cause of fusion-failure mechanism for solder alloys had not been discussed in detail, given the dearth of research concerning Sn-Zn binary alloys especially vis-à-vis the electrification-fusion induced liquidation phenomenon, the aim of this study is aimed to clarify the relationship between critical fusion current density (CFCD) and microliquidation behavior by means of the electrification-fusion on a series of Sn-xZn alloys under an AC power supply. In addition, pure Sn was also used to examine the electrification current path without any higher conductive Zn phase.
Experimental Procedures
The chemical compositions of specimens are designated according to their Zn content as shown in Table 1 . Each sample was re-melted to 100 K higher than their individual liquidus temperatures according to a Sn-Zn phase diagram 17) (as shown in Fig. 2(f) ) then cast into a 473 K preheated Yshaped graphite mold to acquire as-cast specimen with a thickness of 2.4 mm.
The electrical conductivity (% IACS) of the pure Sn, pure Zn and various Sn-xZn alloys was measured by an electrical conductivity analyzer (type AutoSigma). The % IACS is defined as the percentage ratio of the conductivity of the materials used to the international annealing copper standard. In order to confirm the melting point of each Sn-xZn alloys, differential scanning calorimeter (DSC) measurements were performed at a constant heating rate of 3 K/min to ascertain the melting latent heat of various Sn-xZn alloys.
The measured solidification rate can be estimated based on their solidification curve of pure Sn, Sn-7Zn, Sn-9Zn, Sn30Zn, Sn-70Zn and Sn-90Zn specimens respectively, those are 0.19 K/s, 0.13 K/s, 0.12 K/s, 0.08 K/s, 0.32 K/s and 0.44 K/s. Specimens with a gauge length of 20 mm (l) Â 5 mm (w) Â 0.8 mm (t) were made by carefully using sandpapers and 0.3 mm Al 2 O 3 suspension to collect evidences of microliquidation. The microstructures were examined with an optical microscope (OM). The 24 V AC power supply was operated by applying increasing rate of 0.1 V/s to examine the critical fusion current density (CFCD). In addition, the microliquidation phenomenon was in-situ observed at the middle part of a specimen ( Fig. 1(a) ). Schematic illustrations of the electrification-fusion test apparatus are shown in Fig. 1 , each corresponding critical fusion current density (CFCD) is an average of four identical test results.
Results

Effect of Zn content on microstructural variation
of eutectic phase and primary crystallized phase Figure 2 (a) represents a typical microstructure of hypoeutectic Sn-7Zn specimen that consist of uniformly-dispersed -Sn dendrite and lamellar Sn/Zn eutectic phase. Figure 2 (b) to 2(d) shows various microstructural features which consist of eutectic and hypereutectic morphology for Sn-9Zn, Sn30Zn and Sn-70Zn alloys. It can be seen that the acicular primary crystallized Zn phase is almost adjacent each other as increasing Zn content up to 30-70 mass%, whereas the corresponding area fraction of eutectic phase tend to decrease. It should be noted that Fig. 2(e) shows a different microstructural feature of Sn-90Zn alloy that demonstrate equiaxed solidification cell with lamellar microstructural feature, however very little eutectic phase can be recognized. Figure 3 demonstrates the initial melting temperatures and the latent heat of five typical specimens based on the heat flow curves obtained by DSC analysis. As summarized in Fig. 3 (f), the melting point and melting latent heat data obtained from the endothermic peak during heating varies with different Zn content, and can be correlated with abovementioned variation of eutectic or acicular primary Zn phase. Figure 4 (a) shows the relationship between critical fusion current density (CFCD) and electrical conductivity (% IACS) as a function of Zn content of Sn-Zn alloy. On the other hand, experimental result as shown in Fig. 4 (b), abovementioned CFCD value also tend to increase with increasing Zn content. Based on microstructural feature as shown in Fig. 2 , it is suitable to suggest that the CFCD could be significantly increased with increasing acicular Zn phase pertaining to the increase of electrical conductivity. Figure 5 (a) to 5(c) shows the initiation site caused by electrification-fusion for dendritic Sn-7Zn (after exerting 90% of CFCD, 1457 (Â10 4 ) AÁm À2 ). Figure 5 (d) shows the panoramic view at the observation area under 90% of CFCD for the hypoeutectic Sn-7Zn alloy. Figure 6 (a) to 6(c) depicts an evidence of the current-path electrified by 78% and 95% of CFCD through electrification test for pure Sn specimen. Figure 6 (d) also shows the liquidation phenomenon under 87% of CFCD (1443 (Â10 4 ) AÁm À2 ) for the eutectic Sn-9Zn alloy. These imply that the location of liquidation voids had suffered the most severe current-strike and affected by joule-heating, subsequently it will introduce fusing from an eutectic phase in the vicinity of this location. However this electrification-fusion induced liquidation voids emerges from eutectic phase that corresponding to the location of triple junction of current path that have been confirmed by pure Sn specimen. From the location where the liquidation sites were situated, the hypoeutectic Sn-7Zn alloy possessing dendritic -Sn phase and substantial Sn/Zn eutectic phase offers experimental evidence that the CFCD value is dominantly affected by the volume fraction of eutectic phase. As indicated in Fig. 4(a) , the Zn phase will play an important role on improving liquidational resistance due to its higher electrical conductivity. By the way, the microstructural evolution for Sn-30Zn with acicular primary Zn phase (after exerting 75% of CFCD, 1499 (Â10 4 ) AÁm À2 ) and Sn-70Zn (after exerting 88% of CFCD, 2197 (Â10 4 ) AÁm À2 ) are also carried out in Fig. 7 (there is no description herein for fusion behavior and the microstructural-evolution micrographs in Sn-90Zn due to not thoroughly clarifying its microstructural feature).
Effect of microstructural variation on the electrification-fusion induced fracture
Discussion
During the electrification-fusion experiment of pure Sn specimen, the joule heating effect is in proportion to the square of the current density. 18) As atoms are displaced from their original locations and leave behind atomic voids, this process caused an increase in localized current density and facilitates joule heating. Under these circumstances, the temperature continues to rise and caused further development of atomic voids. Linkage of these voids brings about a current path formation as shown in Fig. 6(c) .
From Table 1 , the microstructural feature of Sn-Zn or ZnSn alloys can be divided into four categories, each type of microsturctural combination consists of different phases and metallographic morphologies. Figure 8 illustrates that different phases and metallographic morphologies can be correlated with the different CFCD value pertaining to the generated joule heating effect on the electrification-fusion liquidation phenomenon with varying Zn content.
Referring to Fig. 4(a) and Fig. 8 , the CFCD values tend to increase drastically as Zn content increased to hypereutectic region, due to the presence of acicular Zn phase possessed higher endurance in joule heat and higher electrical conductivity than -Sn phase. Based on DSC measurements as shown in Fig. 3 , the individual melting point and melting latent heat were ascertained. Comparing the dendritic hypoeutectic specimens and acicular hypereutectic specimens (Sn-30Zn, Sn-70Zn), dendritic specimens commonly possessed larger melting latent heat (also representing the endothermic peak or Sn/Zn eutectic phase) than the other It is suitable to suggest that the liquidation was initiated at the phase boundary as indicated in Fig. 5(b) where suffered severe electrification, the current flow would preferentially pass through the Sn/Zn eutectic phase due to its higher conductivity. 19) Because the melting temperature of Sn/Zn eutectic phase (471.5 K) is lower than that of -Sn phase (close to 505 K), the electrification-fusion induced liquidation phenomenon originates from Sn/Zn eutectic phase (as shown in Fig. 5(b) ). However, liquidation pore does not occur unless the input electrical current density reaches to 90% of CFCD in Sn-7Zn (Fig. 5(c) ). It should be noted that a conspicuous regions were found to situate on the boundary of -Sn phase and Sn/ Zn eutectic phase, while the dendritic -Sn phase suffers more joule heat induced fusion than the Sn/Zn eutectic phase. This can probably be ascribed to the lower conductivity of the -Sn phase bringing about larger joule heat than Sn/Zn eutectic phase.
Since the weight percentage of Sn in most common discussed Sn-based alloys is above 90%, this means that the element Sn mostly is distributed over the matrix. Additionally, Sn in solder alloys serves as a signal-transmission connecting point between electronic component and printed circuit board (PCB). In most cases, the initial partialliquidation phenomenon would probably occur on Sn matrix during electrification. Figure 6(a) shows an as-cast (or before electrification) micrograph with casting grain boundary (CGB) of pure Sn. After suffering 78% of CFCD (Fig. 6(b) ), a few current paths could be recognized, as raised up the electrical current density reaches 95% of CFCD, a fair amount of pentagonal and hexagonal (polygonization) current path clearly present on the matrix as indicated in Fig. 6(c) . Notably, the polygonization resembles the geo- metric pattern of CGB, but the formation mechanism of the polygonization is still unknown. On the whole, the current path mostly tends to flow across CGBs since the electric current preferentially flows toward low-electric-resistance path. For unitary-phase pure metal, precipitates may easily diffuse into grain boundary (also known as CGB). This situation makes grain boundary (or CGB) to possess higher electrical resistance than grain. Therefore, the current flows mainly around the grains and traverses CGBs in a higherangle manner in order to evade flowing along the CGBs as possible as it can. Moreover, the joule heating liquidation pores occur at the triple junctions of current path. From the above description, the polygonization current path can be referred to a long-range fusion behavior. With adding Zn into pure Sn, the polygonization current path (or fusion behavior) of pure Sn all significantly alters in the following descriptions presumably because varied microstructural features (or phases) with different electrical/ thermal properties reflect how a current path propagates diversely. Throughout the panoramic view of suffering partial-liquidation for Sn-7Zn and Sn-9Zn in Fig. 5(d) and Fig. 6(d) respectively, this significant change in fusion behavior not only may be associated with the appearance of Sn/Zn eutectic phase, primary Sn and Zn phases but also guides electric current toward lower-electric-resistance Zn of Sn/Zn eutectic phase. Accordingly, the addition of Zn into pure Sn disarranges the polygonization current paths of pure Sn. Therefore during electrification experiment in hypoeutectic and eutectic Sn-Zn alloys, Sn of Sn/Zn eutectic phase (as well as -Sn phase) may liquidize first and then probably become the massive liquidation pores due to the melting temperature and conductivity of Sn lower than those of Zn.
As it can be seen, massive joule heat pores, presumably corresponding to triple junctions of current paths, are distributed both over -Sn phase and Sn/Zn eutectic phase in Fig. 5(d) but only over Sn/Zn eutectic phase in Fig. 6(d) . Although the arrangements of the both fusion behaviors are non-polygonization or scattered instead of being polygonization (or long-range) current path like pure Sn, it provides a powerful evidence that Sn-Zn alloys can endure more joule heat to fuse than pure Sn (referring to Fig. 4) . Likewise, the current densities required for triggering microstructural evolution of Sn-7Zn, Sn-30Zn and Sn-70Zn are larger than the CFCD of pure Sn (1399 (Â10 4 ) AÁm À2 ). Since the microstructural feature of both Sn-30Zn and Sn70Zn commonly possess a large amount of acicular Zn phase, as shown in Fig. 2 , a fair amount of Sn/Zn eutectic phase still could be recognized. The liquidation regions (or pores) were found on the Sn/Zn eutectic phase of both Sn-30Zn and Sn-70Zn specimens (Fig. 7) . Additionally, the liquidation regions (or pores) also became apparent on the Sn/Zn eutectic phase of Sn-9Zn. It is suitable to suggest that the current path would preferentially pass through the acicular primary crystallized Zn phase, and subsequently transfer into the Sn/Zn eutectic phase and -Sn phase while electrifying the specimen. 19) Consequently, joule heat generated that will firstly raise the temperature lead to the Sn/Zn eutectic phase reach to the melting temperature. This process would leave behind radial streaks caused by fusion at the boundary of liquidation region for Sn-30Zn as shown in Fig. 8 . Conspicuous liquidation pores are situated only on the Sn/Zn eutectic phase as shown in Fig. 6(d) , while this phase suffers more fusion than the Zn-rich phase. This can probably be ascribed to the lower conductivity of the eutectic phase that carries larger joule heat than the acicular Zn phase.
By the way, as increased the addition of Zn from 9 to 70 mass%, not only the amount of acicular primary Zn phase will be increased nevertheless can be adjacent each other, in addition, the amount of Sn/Zn eutectic phase tend to decrease as shown in Fig. 2 . This tendency enables higher Zn content specimens to possess better joule heat resistance. In other words, higher Zn contents of Sn-Zn alloys require longer time or higher CFCD value for causing electrificationfusion induced fracture.
Referring to Fig. 8 , there is a wide range possessing linear relationship between the Zn content (9-70 mass%) and CFCD, it is suitable to suggest that is resulted from the microstructure only simply changes the area fraction of acicular Zn-rich phase. A typical example of liquidation phenomenon does not occur until the electrical current reaches about 88% of CFCD (2197 (Â10 4 ) AÁm À2 ) in Sn70Zn, however in the emergence of initial liquidation for Sn-70Zn alloy showing a similar phenomenon as the hypereutectic Sn-30Zn alloy. With increasing the Zn content from 30 mass% up to 70 mass%, the distribution of acicular primary Zn phase is extremely adjacent each other. Consequently, the electric current would preferentially pass through the acicular Zn phase, and then transfer into the narrower area of Sn/Zn eutectic phase while electrifying the specimen. This process would leave behind the liquidation trail caused by fusion such as the initial fusion region as indicated in Fig. 6(d) , thereafter, massive liquidation (or fusion) pores will extend to the whole Sn/Zn eutectic phase pertaining to cause fracture.
Conclusions
The roles of eutectic phase and acicular primary crystallized Zn phase on electrification-fusion induced liquidation fracture were investigated, and the results can be summarized as follows:
(1) The electrical conductivity of Sn-xZn alloys increases with increasing the primary Zn phase. The critical fusion current density has a tendency to increase resulted from the increases of higher conductivity acicular primary Zn phase and decreases of eutectic fraction. (2) The current densities required for triggering microstructural evolution of Sn-7Zn (1457 (Â10 4 ) AÁm À2 ), Sn-30Zn (1499 (Â10 4 ) AÁm À2 ) and Sn-70Zn (2197 (Â10 4 ) AÁm À2 ) are larger than the CFCD of pure Sn (1399 (Â10 4 ) AÁm À2 ) due to the current path transformation from polygonalization (or long-range) to scattered arrangement by adding Zn into Sn. The initial liquidation location pertaining to the electrificationfusion induced fracture can be recognized from the phase boundary of eutectic region. (3) There is a wide range possessing linear relationship between the Zn content (9-70 mass%) and critical fusion current density (CFCD) resulted from a simple change in the volume fraction of acicular Zn phase within this compositional range, whereas Sn-7Zn specimen showing dendritic feature and Sn-90Zn specimen showing granular solidification cell structure.
